In the compact Dictyostelium discoideum genome, non-long terminal repeat (non-LTR) retrotransposons known as TREs avoid accidental integration-mediated gene disruption by targeting the vicinity of tRNA genes. In this study we provide the first evidence that proteins of a non-LTR retrotransposon interact with a target-specific transcription factor to direct its integration. We applied an in vivo selection system that allows for the isolation of natural TRE5-A integrations into a known genomic location upstream of tRNA genes. TRE5-A frequently modified the integration site in a way characteristic of other non-LTR retrotransposons by adding nontemplated extra nucleotides and generating small and extended target site deletions. Mutations within the B-box promoter of the targeted tRNA genes interfered with both the in vitro binding of RNA polymerase III transcription factor TFIIIC and the ability of TRE5-A to target these genes. An isolated B box was sufficient to enhance TRE5-A integration in the absence of a surrounding tRNA gene. The RNA polymerase III-transcribed ribosomal 5S gene recruits TFIIIC in a B-box-independent manner, yet it was readily targeted by TRE5-A in our assay. These results suggest a direct role of an RNA polymerase III transcription factor in the targeting process.
Retrotransposons are mobile genetic entities that amplify within a host cell genome by reverse transcription of RNA intermediates (9) . Integration of a cDNA copy into a new site of the host cell genome is a default event in the amplification of a retrotransposon. In compact genomes retrotransposon integrations can hardly occur without the risk of deleterious gene disruptions. The yeast Saccharomyces cerevisiae and the social amoeba Dictyostelium discoideum have similarly high gene densities of ca. 70% and 65%, respectively (11, 20, 22) . As a consequence, some retrotransposable elements in both S. cerevisiae and D. discoideum have evolved mechanisms to actively avoid integration into genes by targeting to noncoding regions. An intriguing example is integration in the vicinity of genes transcribed by RNA polymerase III (pol III), notably tRNA genes. Mobile elements that specifically target tRNA genes are found in both classes of retrotransposons, namely, the well-characterized long terminal repeat (LTR) retrotransposons Ty1 and Ty3 in yeast (3, 32) and the non-LTR retrotransposon TRE5-A (formerly known as DRE) in D. discoideum (reviewed in reference 39).
All non-LTR retrotransposons in the genome of D. discoideum belong to a monophyletic family known as "tRNA genetargeted retrotransposable elements" (TREs). There are two subgroups within the TRE family. The TRE5 elements insert exclusively 48 Ϯ 3 bp upstream of the first coding nucleotide of the targeted tRNA gene. All as-yet-analyzed chromosomal TRE5 insertions occurred in an orientation-specific manner, with the 5Ј ends of the retrotransposons facing the targeted tRNA genes (2) . On the other hand, TRE3 elements are found exclusively in a region ϳ100 bp downstream of tRNA genes (37) . The tRNA genes in the D. discoideum genome do not share conserved flanking sequences, suggesting that integration site selection is not facilitated by direct binding of TREencoded proteins to DNA sequences flanking tRNA genes.
Besides tRNA genes, pol III transcribes other small, untranslated RNAs including the ribosomal 5S RNA and U6 small nuclear RNA (16) . Three distinct promoter types of pol III-transcribed genes can be recognized. Type 1 (ribosomal 5S) genes and type 2 (tRNA) genes both have gene-internal control regions recognized by pol III-specific transcription factors. Transcription factor IIIC (TFIIIC) binds to a promoter element of type 2 genes known as the B box. Type 1 genes contain a C box instead of the B box and depend on an additional factor, TFIIIA, for transcription initiation. TFIIIA binds to the C box and then recruits TFIIIC. DNA-anchored TFIIIC mediates the binding of TFIIIB near the transcription start of type 1 and type 2 genes, which in turn recruits pol III to start transcription. Type 3 pol III genes (e.g., U6 snRNA) lack internal promoter elements but have upstream regulatory promoter and enhancer elements such as a TATA box (17, 33) .
To date, the in vitro study of tRNA gene-targeted retrotransposition in D. discoideum using PCR-based plasmid assays and cell extracts is impeded by the fact that pol III transcription complexes probably required for targeted integration of TREs are irreversibly disrupted during extract preparation. Furthermore, we have not yet succeeded in cloning an auton-omous TRE that would allow for the analysis of retrotransposition of tagged versions of the element, a strategy that is very successfully applied to study retrotransposable elements in mammalian cells (12, 24, 29) . Taking advantage of the strong preference of TRE5-A to integrate at tRNA gene loci, we have recently established an in vivo selection system that allows for the isolation of new integrations of naturally active TRE5-A copies from a population of D. discoideum cells (2) . The "TRE trap" is a plasmid-borne pyr5-6 gene, which encodes UMP synthase, tagged with an intron carrying a D. discoideum tRNA gene (see Fig. 1 ). When the TRE trap plasmid is stably inserted into a D. discoideum uracil-auxotrophic strain, the plasmid-borne pyr5-6 gene is transcribed and spliced and the cells are converted to uracil prototrophy. These cells are sensitive to the cytostatic drug 5-fluoroorotic acid (5-FOA). If the pyr5-6 gene is disrupted by mutation, e.g., by targeted integration of a TRE near the "bait" tRNA gene within the TRE trap, then the affected cells gain resistance to 5-FOA and grow out as clones (2) .
In this study we used the TRE trap assay to determine DNA sequences that support target site recognition by TRE5-A. The data suggest that active pol III genes are landmarks for TRE5-A integration and support a model in which pol IIIspecific transcription factors are involved in the targeting process by providing direct protein contacts for interaction with TRE5-A-derived proteins.
MATERIALS AND METHODS
Plasmids. Plasmid pGEM-pyr5-6(cbfA/Val UAC ) contains the pyr5-6 gene of D. discoideum including its own promoter and terminator. The pyr5-6 gene is tagged with the intron of the D. discoideum cbfA gene (2) . This reporter gene can be equipped with any suitable pol III gene to attract TREs for integration (referred to as the "TRE trap"). The Val UAC tRNA gene used in this and our previous study (2) (10) was amplified by PCR from plasmid pGTET ϩ 1 (40) using primers Glu-01 (5Ј-GGAATTCTCCTCATTGGTGTAGTCGGTAA CAC-3Ј) and Glu-02 (5Ј-GGAATTCTAATTTTGGTCGGAATAAAAACCTC C-3Ј). The resulting PCR fragment was inserted as an EcoRI fragment into the TRE trap. Note that this tRNA gene contains 22 bp of original downstream flanking sequence including a functional pol III terminator sequence. B-box derivatives of the Glu sup tRNA gene were generated by site-directed mutagenesis to achieve the following mutants: Glu sup (G53T), Glu sup (C56G), and Glu sup (C61A). The D. discoideum ribosomal 5S gene (r5S) was amplified from vector pUd5S (26) by PCR using primers r5S-01 (5Ј-GGGAATTCGTATACGGCCATACTA GGTTG-3Ј) and r5S-02 (5Ј-GGGAATTCAAAAAATAAATAAAGTATACA GCACCC-3Ј). A human Met CAU tRNA gene was amplified by PCR using plasmid pXlt 1 met (kindly provided by W. Meißner, Universität Marburg) (38) as template and primers hMet-01 (5Ј-GGGGAATTCAGCAGAGTGGCGCAGC GG-3Ј) and hMet-02 (5Ј-GGGGAATTCAAAAAAAAAAAGGACCTAGC-3Ј). Both the human Met CAU tRNA gene and the D. discoideum r5S gene were inserted as EcoRI fragments into the TRE trap plasmid.
D. discoideum cell culture and TRE trap assay. The detailed protocol of the selection procedure to isolate 5-FOA-resistant cells is given in the work of Beck et al. (2) . Briefly, TRE trap plasmids carrying the individual pol III genes were transformed into D. discoideum DH1 cells by electroporation. Ura ϩ strains were recovered after selection of transformed cells in FM medium in the absence of uracil. In order to isolate new TRE5 insertions, 1 ϫ 10 6 to 1 ϫ 10 7 Ura ϩ cells transformed with the individual TRE trap plasmids were cultured in 5-FOA (150 g/ml for 3 days, followed by 100 g/ml) and uracil (20 g/ml) until clones became visible. Clones from up to 15 petri dishes were counted, and the values presented normalized for 1 ϫ 10 6 cells Ϯ standard deviation (SD) (or percentage of control Ϯ SD with control being the respective wild-type pol III genes).
Distances of TRE5-A elements integrated upstream of the bait pol III genes were determined by direct DNA sequencing of PCR products or sequencing of subcloned PCR fragments as previously described for the D. discoideum Val UAC tRNA gene (2) .
Suppressor tRNA gene activity. D. discoideum vector pA15-Gal (kindly provided by J. Williams, University of Dundee) allows for the expression of Escherichia coli ␤-galactosidase under the control of the constitutive D. discoideum act15 promoter (23) . The ␤-galactosidase-encoding gene lacZ was modified by oligonucleotide-directed mutagenesis with an amber (TAG) translation stop codon at amino acid position 18 of the ␤-galactosidase protein. The resulting plasmid, pA15-Gal(amber), was transformed into D. discoideum AX2 cells together with the plasmids carrying the TRE trap equipped with the individual Glu sup tRNA gene mutants. Stable transformants were selected in the presence of 10 g/ml G418. Of these clones 2 ϫ 10 7 logarithmically growing cells were pelleted and stored at Ϫ80°C for further use. ␤-Galactosidase activity of 10 7 cells was measured using chlorophenol red-␤-D-galactoside (CPRG) as described previously (34) . One katal is defined as the enzyme activity that hydrolyzes 1 mol of CPRG per second at 22°C.
Nuclear extracts and EMSAs. Nuclei of D. discoideum cells were isolated and extracted with 600 mM KCl as described previously (5) . The extracts are referred to as NE600. Electrophoretic mobility shift assays (EMSAs) were performed as detailed elsewhere (5) . The Glu sup derivatives were prepared from the pGEMpyr5-6(cbfA/Glu sup ) derivatives described above. EcoRI fragments were labeled by fill-in with Klenow polymerase in the presence of [␣-32 P]dATP. Each incubation mixture contained 1 g of each of the nonspecific competitors poly-(dAdT) · poly(dAdT) (Sigma no. 0883) and pGEM7Zf(Ϫ) vector. About 0.5 g NE600 proteins was preincubated for 30 min at ambient temperature with ϳ10,000 cpm of 32 P-labeled tRNA genes. Free 32 P-labeled probe was separated from DNA-protein complexes by polyacrylamide gel electrophoresis (5) .
RESULTS
A tRNA gene embedded in the TRE trap is actively transcribed. The TRE trap is illustrated in Fig. 1 . In a previous study, we used the D. discoideum Val UAC tRNA gene as a bait to isolate de novo integrations of active TRE5-A elements from a population of D. discoideum cells (2) . In this configuration the bait tRNA gene is in an unusual environment since a pol III gene was embedded in a pol II gene. Our hypothesis is that TRE5-A-encoded proteins determine integration sites by directly interacting with unique transcription factors re- (10) The TRE trap assay picks up authentic TRE5-A integrations. We use the term "empty trap" if the intron within the pyr5-6 gene does not contain a bait tRNA gene, and we interpret clones obtained with the empty trap as being due to natural mutations (data not shown). Specific targeting of a tRNA gene embedded in the reporter gene is indicated by increased clone numbers obtained after selection ( Fig. 2A) . In typical experiments no clones were recovered from the empty trap when 1.0 ϫ 10 6 to 1.5 ϫ 10 6 D. discoideum cells were used to carry out a 5-FOA selection. By contrast, Ͼ50 clones were usually obtained when the trap was "loaded" with the D. discoideum Val UAC tRNA gene ( Fig. 2A) . Integrated retrotransposons were studied after performing PCRs with primers specific for exons 1 and 2 of the pyr5-6 gene ( Fig. 1 ).
To further demonstrate the specificity and the sensitivity of the assay, we tested two other bait tRNA genes, a D. discoideum Glu sup tRNA gene and a human Met CAU tRNA gene. The former was used to show that any D. discoideum tRNA gene may serve as a landmark for integration of TREs in our assay, whereas the latter was used to test whether the TRE trap would allow for the isolation of specific targeting events near a heterologous tRNA gene. Integration frequencies upstream of the D. discoideum Glu sup bait were slightly lower than those obtained with the D. discoideum Val UAC tRNA gene ( Fig. 2A ). As shown in Fig. 2B , the human Met CAU tRNA gene was targeted at very low frequency, but clone numbers were significantly above background (empty trap) and most 5-FOA-resistant clones had bona fide integrations of TRE5-A in the 5Ј-flanking region of the Met CAU bait ( Fig. 3A ; discussed below). Most TRE5-A copies integrated upstream of the Glu sup and Met CAU tRNA gene showed extended 5Ј deletions, a known characteristic property of non-LTR retrotransposons.
TRE5-A integrations cause characteristic alterations at the target site. Several examples of TRE5-A integrations upstream of the D. discoideum Glu sup and the human Met CAU tRNA gene are depicted in Fig. 3A . All integrated TRE5-A elements had the expected orientation relative to the targeted tRNA genes, and integrations occurred at positions 49 to 50 bp upstream of the bait tRNA genes. In most cases, integrations of the TRE5-A elements caused the addition of nontemplated extra nucleotides of 1 to 40 bp in length. Noteworthy is the frequent expansion of homopolymeric thymidine or adenine stretches into which the element had integrated. This characteristic property of TRE5-A cannot be attributed to the unusual genomic sequence of the integration target in the TRE trap, since the D. discoideum genome is generally very enriched in A/T nucleotides (11) runs can occur at any natural target site as well. Several de novo integrations of TRE5-A were analyzed for the presence of target site duplications (TSDs). TRE5-As were flanked by TSDs of 11 to 19 bp in length (data not shown) in all analyzed cases except for those integration events that apparently occurred at shorter distances from the tRNA gene target than average. These integration events have caused small deletions of target sequence (indicated as "⌬" in Fig. 3 ) that seemed to be guided by microhomologies between the upstream target sequence and the 5Ј-truncated TRE5-A copies (Fig. 3) . Due to the fact that target site deletions also eliminate the 5Ј TSD sequence, we could not assign exact integration sites in these cases, but assuming a ca. 15-bp TSD, integration of these TRE5-A elements was in the range of 50 bp upstream of the tRNA gene target. It should be noted that templated and nontemplated extra nucleotides as well as microhomology-mediated target site deletions are known integration characteristics of other non LTR-retrotransposons including human L1 (18, 19, 36) . TRE5-A targets an isolated B box. The data described above supported the hypothesis that a DNA sequence within a tRNA gene mediates target site recognition by TRE5-A. In support of this view, the human Met CAU tRNA gene, which is readily targeted by TRE5-A, has no similarities with D. discoideum tRNA genes except for the highly conserved gene-internal A box and B box. These sequences are part of the tRNA gene promoter and contribute to the binding site of pol III transcription factor TFIIIC. We developed a consensus sequence of a D. discoideum tRNA gene-internal B box based on the DNA sequences of 390 tRNA genes of the D. discoideum genome (11) . The derived B-box consensus GTCNNNNG 53 T TCRANYC closely matches B-box sequences from the tRNA genes of other eukaryotes. The presence of "extra" B (exB) boxes located downstream of D. discoideum tRNA genes has been previously noted (25) . We inspected the complete list of D. discoideum tRNA genes and confirmed the presence of tRNA gene-associated exB boxes that are 41 bp on average (ranging from 33 to 60 bp; n ϭ 261) downstream of the geneinternal B boxes of 66% of all D. discoideum tRNA genes.
We tested whether an isolated B box can mediate TRE5-A integration in the absence of a surrounding tRNA gene sequence. For this purpose, we inserted the B-box sequence GTCGCAGGTTCGAATC either into the empty trap or downstream of the Val UAC tRNA gene. The number of clones obtained with the Val UAC /exB target was similar to that of the Val UAC tRNA gene alone (Fig. 4, columns 1 and 2 ), suggesting that a downstream B box does not influence targeting of an intact tRNA gene.
When the B box was used as bait in the absence of a tRNA gene, clone numbers dropped to background levels, which at first glance indicated that an isolated B box could not mediate TRE5-A integration (Fig. 4 , columns 5 and 6). The difference in clone numbers of 0.3 (B-box target) versus 0.1 (empty trap) clones per 10 6 cells seemed not to be significant (Fig. 4) . Hence, it was surprising to find that some clones obtained after 5-FOA selection of cells containing the isolated B box were in fact due to targeted integration of TRE5-A into the trap (Fig.  3B) . However, these clones were hidden in the background of clones that obtained 5-FOA resistance due to natural mutations (25 of 70 analyzed clones contained TRE5-A insertions). It should be noted at this point that PCR and Southern blot analyses of clones isolated with the empty trap did not show any sign of TRE insertions (40 clones analyzed; data not shown), which further demonstrates the efficiency of the TRE trap in picking up TRE integration if a proper target is provided. B-box targeting by TRE5-A was finally proven by analyzing the 5Ј junctions of some inserted TRE5-A copies (Fig.  3B ). All integrations occurred into a 24-mer polyadenine run in the TRE trap. Since the 3Ј end of TRE5-A is also a poly(A) tail, we could not exactly determine the integration sites. Occasionally integration sites could not be accurately determined due to extension of a poly(A) tract at the target site. In one example shown in Fig. 3B the poly(A) run was extended by 30 adenines and one guanine, the integration site being located somewhere between 91 and 114 bp upstream of the B box (Fig.  3B ). Four other de novo integrations were more informative due to the characteristic insertion of single guanine nucleotides that separate the target sequence from the 5Ј ends of integrated TRE5-A elements. These elements had integrated between 98 and 107 bp upstream of the B-box target (Fig. 3B) . One additional integration resulted in a 6-bp target site deletion (Fig. 3B) . Although we did not determine the TSD for this element, we can calculate that this element integrated between 97 and 106 bp upstream of the B box (86 bp plus TSD range of 11 of 19 bp; Fig. 3B ). Interestingly, the average distance of the favorite TRE5-A integration site 48 bp upstream from a canonical tRNA gene reflects integration of TRE5-A at about 100 bp upstream of a tRNA gene-internal B box. Thus, it is evident that targeting of tRNA gene-internal B boxes and that of isolated B boxes occur at very similar distances by the same targeting mechanism.
B-box mutations in tRNA genes affect targeting by TREs. Based on the literature (15, 16, 30) and on the consensus sequence of D. discoideum tRNA gene B boxes, we generated two B-box mutations in the D. discoideum Val UAC and Glu sup tRNA genes (G53T and C56G) predicted to interfere with binding to TFIIIC in vitro and in vivo and one control mutation that was predicted to have only a limited effect (C61A). We first tested whether the mutant tRNA genes were bound by TFIIIC in vitro. For this purpose we applied an EMSA that was previously used to characterize D. discoideum TFIIIC in highly purified fractions (5). The Glu sup tRNA gene was isolated from the TRE trap plasmid, and binding of TFIIIC was analyzed in EMSAs (Fig. 5) . TFIIIC recognized the wild-type Glu sup gene as well as the Glu sup (G53T) and Glu sup (C61A) mutant tRNA genes (Fig. 5, lanes 4 to 6 and 10 to 12 ). In contrast, no complexes of TFIIIC with the Glu sup (C56G) tRNA gene could be detected (Fig. 5, lanes 7 to 9) . Similar results were obtained with the Val UAC tRNA gene mutants (data not shown). Mutant analyses of the two D. discoideum tRNA genes, taken together, showed that position C56 of D. discoideum tRNA genes was most critical for the interaction with TFIIIC in vitro. The data predicted that C56G tRNA gene mutants should no longer be targets of TRE integrations if TFIIIC was in fact involved in target site selection. We next tested whether the B-box mutations affected the targeting of the mutant tRNA genes by TREs in vivo. Val UAC and Glu sup tRNA mutant genes were placed into the TRE trap, and cells were selected in the presence of 5-FOA and uracil. As shown in Fig. 6 , the C56G mutation of both the Val UAC and Glu sup tRNA genes completely abolished targeting by TREs, as the clone numbers obtained with this tRNA gene mutant dropped to background and PCR analysis of 26 5-FOA-resistant clones derived from the Glu sup (C56G) and Val UAC (C56G) tRNA gene targets did not reveal any signs of TRE integrations (data not shown). When we performed 5-FOA selections of cells transformed with the TRE trap containing the G53T and C61A mutations of the bait tRNA genes, clone numbers were well above background, albeit drastically reduced compared to the wild-type tRNA genes (Fig. 6) .
As mentioned above, we have not been able to show integrations of TREs near the putatively inactive Glu sup (C56G) or Val UAC (C56G) tRNA genes. Since an isolated B box was a target for TRE integrations, we next tested whether a B box located downstream of an inactive Val UAC (C56G) tRNA gene would restore targeting activity by TRE5-A. In the experiments presented in Fig. 4 and Fig. 7 , a B box was placed 34 bp downstream of the internal B boxes of the wild-type Val UAC gene and the mutant Val UAC (C56G) tRNA gene, respectively. We refer to this tRNA gene-external B box as the "exB box" in Fig. 7 . D. discoideum cells transformed with a TRE trap equipped with the Val UAC (C56G)/exB derivative were cultured in 5-FOA and uracil until clones became visible. As expected from previous experiments, the C56G mutation reduced targeting of the Val UAC tRNA gene to background level (Fig. 4, column 3) . Combination of the targeting-defective tRNA gene with a downstream B box increased clone numbers moderately (Fig. 4, column 4) , suggesting that an exB box could rescue the "dead" tRNA gene with low efficiency. Some clones analyzed by PCR revealed integration of TRE5-A into the Val UAC (C56G)/exB target. Interestingly, however, DNA sequencing of the obtained PCR fragments yielded two different results. Firstly, TRE5-A integrated into the trap by targeting the downstream B box, while ignoring the inactive tRNA gene. In this case, shown in Fig. 7A , TRE5-A was found inserted in a position 10 bp upstream of the Val UAC (C56G) gene, which corresponds to 106 bp upstream of the exB box. Thus, the inserted TRE5-A ignored the presence of the inactive tRNA gene and specifically targeted the functional exB box. Secondly, TRE5-A integrated exactly at position Ϫ50 relative to the Val UAC (C56G) gene (Fig. 7B) , suggesting that the presence of the downstream B box somehow restored the function of the Val UAC (C56G) gene well enough to allow integration of TRE5-A in the normal position.
TRE5-A integrates upstream of a ribosomal 5S gene. It was of interest to determine whether the r5S gene, which recruits TFIIIC by a B-box-independent mechanism involving TFIIIA, may be a target for TRE integrations. The D. discoideum r5S gene is located in two copies on an extrachromosomal ribosomal DNA (rDNA) palindrome that accumulates to about 100 copies per cell (35) . Despite the large number of putative r5S targets, in silico analysis of the D. discoideum genome has not revealed integrations of TRE5-A or other TREs at natural r5S loci. To test whether an r5S gene mediates targeted integration of TRE5-A under the experimental conditions of our TRE trap assay, we PCR amplified an r5S gene and cloned it into the TRE trap. After 5-FOA selection of cells transformed with the r5S target, we readily obtained resistant clones at frequencies of about 10% of the Val UAC tRNA gene target (Fig. 8) . PCR analysis indicated that integrations of TREs near the r5S gene had occurred in most cases (data not shown). DNA sequencing of some of these clones confirmed integrations of TRE5-A elements upstream of the r5S gene in the same orientation as if targeting tRNA genes (Fig. 9A) . In one example shown in Fig. 9A a TRE5 -A was inserted at position 35 or 38 upstream of the 5S gene; the exact position could not be determined due to microhomology-guided 5Ј truncation of the element. A second example of a TRE5-A integration 39 bp upstream of the 5S target is also shown in Fig. 9A . In two other cases, microhomologies of 3 and 6 bp between genomic target sequence and the retrotransposon prompted large target site deletions of 297 to 471, thus leaving the inserted elements without TSDs (Fig. 9B) . Worth mentioning is that we also used a TRE trap construct in which we accidentally cloned an r5S gene tandem (Fig. 9B) . We analyzed four TRE5-A integrations into this target in detail. All de novo integrated elements had canonical TSDs (data not shown), and integration had occurred exactly at the same position 39 bp upstream of the second r5S target of the tandem, i.e., the elements inserted within the first r5S copy of the tandem. Yet the individual integrations could be distinguished by the presence of extra nucleotide additions and different extents of 5Ј deletions of the inserted retroelements (Fig. 9B) .
DISCUSSION
Targeted integration of TRE5-A requires TFIIIC. We are confident that TRE5-A integrations picked up with the TRE trap assay mimic authentic retrotransposition events that continuously shape the D. discoideum genome. Accumulative data using three different tRNA genes have shown that (i) TRE5-A integrations occur upstream of the bait tRNA genes at distances of about 48 bp, (ii) the TRE5-As insert without exceptions in the "correct" orientation relative to the targeted tRNA gene and the insertion sites of TRE5-As change according to the orientation of the bait tRNA gene in the trap (data not shown), (iii) integration produced TSDs or in some cases target site deletions of variable lengths, (iv) most integrated TRE5-As were 5Ј deleted, (v) integrations were accompanied by the generation of templated and nontemplated extra nucleotides, and (vi) single extra guanine nucleotides at the 5Ј junctions of full-length TRE5-As suggest the use of the 7-methylguanine cap as the last RNA template nucleotide. These properties (except for tRNA gene recognition) of the newly integrated TRE5-A elements and target site alterations are known properties of other non-LTR retrotransposons like L1 as well (18, 19, 36, 42) , suggesting that TRE5-A is a bona fide non-LTR retrotransposon that amplifies via target-primed reverse transcription.
It has been debated whether TRE5-A recognizes tRNA genes by DNA-specific binding of a TRE5-A-derived protein to the tRNA gene itself or to conserved motifs in transfer tRNA-flanking regions. This possibility is ruled out by two considerations. Firstly, the ribosomal 5S gene lacks a B-box motif and recruits TFIIIC in a B-box-independent manner. Secondly, if target-printed reverse transcription is the underlying mechanism of TRE5-A integration, then initiation of reverse transcription is primed at the site of first-strand DNA cleavage. D. discoideum TRE5-A belongs to the group of non-LTR retrotransposons that contain apurinic/apyrimidinic endonucleases. These endonucleases are thought to bind to target DNA directly at the cleavage site (6, 7, 13, 14) . Since we have observed that single nucleotide substitutions within the B box strongly interfere with TRE5-A integration, it seems inconceivable that binding of TRE5-A-derived endonuclease protein at the B box and subsequent cleavage of the genomic DNA there will lead to the integration of the retrotransposon at a site 100 bp upstream.
The TRE5-As isolated in this study targeted B boxes of canonical tRNA genes at about 100 bp upstream; very similar distances to isolated B boxes in the absence of a tRNA gene have been observed. Thus, B boxes provide important cisacting sequences at the target sites of TRE5-A integrations. We calculated the distances of TRE5-A to the targeted tRNA genes by counting nucleotides between the retrotransposon's 5Ј end and the first coding nucleotide of the targeted tRNA gene (48 Ϯ 3 bp). However, we noticed that the distances of the tRNA gene-internal B boxes to the 5Ј ends of the tRNA genes vary between 40 and 65 bp (O. Siol, unpublished observation). Hence, the quite precise integration upstream of tRNA genes is best explained by an active involvement of the A box, which is located at positions 8 to 19 bp of D. discoideum tRNA genes (T. Winckler and G. Glöckner, unpublished analysis of genome sequencing data). The putative involvement of the A box is in fact another strong argument to support the interpretation that tRNA genes occupied by TFIIIC are landmarks for integration.
Model of target site selection by TRE5-A.
The question remains what function tRNA gene-external B boxes might have in vivo. We have consistently observed that an exB box is not sufficient to fully restore integration frequencies at a mutant tRNA gene whose internal B box has been inactivated (Fig. 4) . Nevertheless, we have observed TRE5-A integrations into this target at low rates but at two alternative positions 50 and 10 bp upstream of the inactivated tRNA gene. We inspected many natural TRE5-A integrations in the D. discoideum genome, and we never found TRE5-A integrations in the Ϫ10 position relative to the tRNA gene that would indicate targeting of downstream exB boxes of intact tRNA genes. Thus, under natural conditions, the tRNA gene-internal B box and not the exB box is the primary target for integration of TRE5-A. In this respect TRE5-A differs from TRE3 elements, which favor two alternative insertion sites downstream of tRNA genes that can be attributed to the targeting of either the tRNA gene-internal B box or the exB box (37) . This observation suggests that an exB box can be occupied by TFIIIC in vivo and that targeting of tRNA genes by TRE3s occurs via direct protein interactions with TFIIIC.
TFIIIC binds to the tRNA gene via the gene-internal B box and recruits TFIIIB to the 5Ј flanking region of the tRNA gene to establish a stable preinitiation complex. Roberts et al. (31) have suggested that pol III may displace TFIIIC from its binding site during transcription elongation but leave TFIIIB in place. Reinitiation after the first round of transcription may not require TFIIIC. During tRNA gene transcription, D. discoideum TFIIIC may remain in a standby position by binding to the exB box in close proximity to the transcribed tRNA gene, whereas TFIIIB remains bound to the tRNA gene. We propose that TFIIIB and not TFIIIC is targeted by TRE5-A proteins. This model is favored by the principal agreement of distances of integration sites to the tRNA genes (ϳ48 bp) and the r5S gene (ϳ40 bp) and the extents of TFIIIB footprints on these genes (8, 27 ). In our model (Fig. 10) , TFIIIC is required only to put TFIIIB in place, and integration would be feasible as long as TFIIIB stays bound to the DNA and pol III allows the TRE5-A preintegration complex to enter the tRNA gene. This model explains why we do not find natural integrations of TRE5-A in the Ϫ10 position, since this position would be permanently blocked by TFIIIB.
Targeting of pol III genes is a successful evolutionary strategy to avoid mutagenesis of compact genomes. In this study, we have for the first time provided evidence that a non-LTR retrotransposable element uses protein interactions with chromatin components to select integration sites. In the D. discoideum genome, the targeting of tRNA genes has been invented VOL. 26, 2006 TFIIIC AND INTEGRATION SITES OF DICTYOSTELIUM TRE5-A 8249 several times by (i) the TRE5 elements, including TRE5-A discussed in this study; (ii) the TRE3s, close relatives of TRE5-A, which integrate approximately 100 bp downstream of the tRNA gene-internal B box or extra B boxes (37); and (iii) the poorly characterized putative LTR retrotransposon DGLT-A, which integrates at positions ϳ30 bp upstream of tRNA genes (21) . Selection of integration sites by TRE5-A shows striking similarity with the pol III gene-targeted integration of yeast LTR retrotransposons. Ty3 elements integrate precisely at the transcription start of pol III genes, whereas Ty1 shows a preference to integrate within a window of about 700 bp upstream of tRNA genes (1, 3, 28, 32) . For Ty3 it is known that targeting of pol III genes by Ty3 is mediated by specific protein interactions of the Ty3 preintegration complex with the pol III-specific transcription factor TFIIIB subunit(s) TATA binding protein and/or Brf (41) . With reference to the model of tRNA gene targeting by TRE5-A described above, it is tempting to speculate that the strong selection pressure to avoid devastating insertional mutagenesis of compact genomes has led to convergent evolution of pol III gene targeting by diverse mobile genetic elements via interactions with protein factors that specifically tag chromosomal sites of pol III transcription. 
